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ABSTRACT
Thomas, Anish. M.S.M.E., Department of Mechanical Engineering, Wright State
University, 2022. Molecular dynamics simulation study of a polymer droplet transport over
an array of spherical nanoparticles.

This study uses molecular dynamics simulations to evaluate the dynamic behavior
of a partially wetting polymer droplet driven over a nanostructured interface. We consider
the bead-spring model to represent a polymeric liquid that partially wets a rough surface
composed of a periodic array of spherical particles. Results show that at sufficiently small
values of external force, the droplet remains pinned at the particle's surface, whereas above
the threshold its motion consists of alternating periods of pinning and rapid displacements
between neighboring particles. The latter process involves large periodic variation of the
advancing and receding contact angles due to the attachment and detachment of the contact
line. Finally, upon increasing the external force, the droplet's center of mass is steadily
displaced, while at the same time the oscillation amplitude of the receding contact angle as
well as the maximum contact angle hysteresis remain relatively unchanged.
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CHAPTER 1
INTRODUCTION
1.1 Literature Review
Only emerging in recent decades, nanoscience is the study of structures at the
atomic and molecular levels. Nanoscience results in the practical application of
nanotechnology – regulating and recreating materials in the region of approximately 1100 nm [1]. Dramatic changes in properties occur when the dimensions of a material are
reduced to below 100 nm. Electronic, optical, magnetic, mechanical, thermal etc.,
properties of nanomaterials can be exploited for commercial applications and technological
advancement for the benefit of society [2]. The versatility of nanotechnology makes it
beneficial in a broad range of fields such as biotechnology, material science, information
technology, agriculture, and more [3].
Wettability, a unique characteristic of material surfaces, aids in self-cleaning and
water-repellent properties [4]. Wetting property measures the degree of the contact angle
when the solid phase and the liquid phase interact. When the contact angle is small (≤ 90o),
the wettability is high and the surface is hydrophilic. Alternatively, when the contact angle
is large (≥90o), the wettability is low and the surface is hydrophobic [5-6].
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A surface is superhydrophobic, or highly water-repellent, if the water contact angle
is greater than 150° and the contact angle hysteresis is less than 10° [7]. Superhydrophobic
surface applications can be found in industrial applications that require corrosion resistance,
ice resistance, anti-fog properties, antibacterial properties, and self-cleaning properties [8].
The best naturally occurring example of a superhydrophobic surface is the lotus leaf. Lotus
leaves utilize superhydrophobicity to keep themselves clean and away from the risk of
infectious diseases [9]. The primary reason that a lotus leaf exhibits superhydrophobic
behavior is due to the presence of the combination of micro- and nano-structures with an
optimized geometry shape and the unique chemical composition of the epicuticular waxes
on the leaf surface [10]. The surface roughness of the leaf plays a vital role in water
repellency [11 - 12].
To understand the correlation between surface roughness and wettability, two
models have been introduced, namely those of Wenzel [13] and Cassie-Baxter [14]. The
Wenzel and Cassie-Baxter models have been widely used to illustrate the
superhydrophobic properties. Generally, the Wenzel state is characterized by a lower
apparent contact angle and a higher contact angle hysteresis when compared to the CassieBaxter state.
In Wenzel model, the water droplet penetrates into the surface roughness. The
apparent contact angle according to Wenzel model is given by [13]:
cos Ɵ∗ = 𝑅 ∗ cos Ɵ,

(1)

R is defined as the ratio between the actual area of contact surface and the projected area
on the horizontal plane. This implies that if R > 1, it is a rough surface [16]. Eq (1) gives
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us a distinct relationship between the contact angle of the flat surface (Ө), and the contact
angle of the rough surface (Ө*) [17].
In the case of Cassie-Baxter model the water droplet remains suspended over the
asperities [18]. Air bubbles between the surface roughness keeps the water droplet
suspended over the surface. The apparent contact angle for Cassie-Baxter is given by:
cos Ɵ𝑐 = (1 − 𝑓) cos Ɵ − 𝑓,

(2)

where, f is defined as the areal fraction of liquid-air interface and Ө is the intrinsic contact
angle of the liquid droplet at the smooth surface of the same material. From eq (2), we see
that as the areal fraction (f) gets closer to 1, the apparent contact angle becomes almost 180
degrees [19]. However, there must be a sufficiently small gap between the surface
protrusions to allow the liquid-air interface to be locally suspended over the surface;
otherwise, the liquid will completely wet the substrate [20]. Therefore, factors such as
breakthrough pressure (needed to completely wet the substrate), fragility of the surface
texture, temperature of the fluid, and fouling resistance will inhibit the applicability of
superhydrophobic surfaces [21]. Having said that, one of the most important factors that
aids in superhydrophobicity is fabricating re-entrant geometries that reduce the
solid−liquid contact area, that is, to increase the fraction of air pockets [44 - 45].
Several researchers have thoroughly studied the Cassie-Wenzel wetting transition,
proving that these states can co-exist on the same surface [22-24]. Many studies have also
demonstrated that electrowetting induces the Cassie – Wenzel transition on nanostructured
surfaces [26 - 28]. Furthermore, it has been shown that the transition from the CassieBaxter state to the Wenzel state can occur using external pressure, hydrostatic pressure,
3

and vibration [25] [29]. As evidenced by these various investigations, the nature of superhydrophobic surfaces becomes clearer when studying the transition between the CassieBaxter state and Wenzel state.
In the same way, if liquids like oils have a contact angle greater than 150o with low
surface tension, they are categorized as superoleophobic surfaces. Similar to
superhydrophobic surfaces, superoleophobic surfaces have recently attracted increasing
attention due to their remarkable potential applications including oil-resistant coatings,
self-cleaning, oil droplet management, oil/water separation, chemical protection, anticlogging, liquid microlens design, oil capture, bioadhesion, oil movement guidance, and
oil buoyancy [15].
In recent years, the wetting properties of a droplet on nanostructures have been
widely studied using molecular dynamics simulations, which is the study of movement,
deformation, and interaction of molecules over time [30]. As an example, research has
shown that as the height of the pillar for a hydrophobic surface increases, the free-energy
barrier for the Wenzel-to-Cassie state transition is much greater than compared to the
Cassie-to-Wenzel state [36]. Various studies have revealed that there appears to be a codependence between the apparent contact angle to the height of the pillars, the crosssectional shape of the pillars, the distance between each pillar, the crystal plane orientation
on top of the pillars, and the interaction energy between the droplet molecules and the
atoms on the pillar [36 - 41]. Interestingly, the flexible hydrophilic pillars can accelerate
the liquid droplet upon approach and pin the receding contact line when a liquid droplet
advances laterally towards a deformable pillar-arrayed substrate [42]. Furthermore, it was
recently discovered that charge density at the base substrate is one of the primary factors
4

that affects the wetting transition at a pillar-arrayed substrate [39]. Nevertheless, despite
intensive research, advancing and receding contact angles, the specific mechanisms of
contact line displacement, and narrow neck development during the pinning of a partially
wetting droplet at nanostructured surfaces are still unknown.
In this research, molecular dynamics simulations is used to study the effects of
wettability and external force on the polymer droplet as it moves across the spherical
nanoparticles atop a smooth surface. When the external force is below the threshold, the
partially wetting droplet remains attached to the particle surface. With an increase in the
external force, the droplet starts moving intermittently and incrementally faster, attaching
and detaching briefly on the particle surface. Variations in the advancing and receding
contact angles are what result in this attachment and the detachment process of the droplet
on the nanoparticle surface. Despite this, it is fascinating that the maximum value of the
contact angle hysteresis is unaffected by the change in external force.
1.2 Thesis Outline
The rest of the thesis is organized as follows:
Chapter 2 discusses the details of molecular dynamics simulations.
Chapter 3 presents the various results obtained in the research.
Chapter 4 gives the summary of the results.
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CHAPTER 2
NUMERICAL SIMULATIONS DETAILS
2.1 Details of Molecular Dynamics Simulations:
The large-scale molecular dynamics simulations were performed using the parallel
code LAMMPS, developed at Sandia National Laboratories [31]. In our research, the
droplet consists of 880 000 atoms, of which any two atoms interact by the truncated LenardJones potential energy. The Lennard-Jones potential is given as:
𝜎 12

𝑉𝐿𝐽 (𝑟) = 4ε [( )
𝑟

𝜎 6

− ( ) ],
𝑟

(3)

where the parameter ε represents the energy scale of the liquid phase and σ represents the
length of the liquid phase. The Lennard-Jones potential is also used to describe the
interaction between solid and liquid atoms with the parameters εsp and σsp, that are
measured in the units of ε and σ respectively. In order to accelerate the molecular dynamics
simulation, the cutoff radius was set to rc = 2.5σ for interactions between liquid-liquid and
liquid-solid atoms. The velocity verlet integration algorithm [32] was used to solve all the
equations of motions, with the time step ∆tMD = 0.005τ, where τ is defined as the LennardJones time and is expressed as τ = σ√𝑚⁄𝜀 .
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Polymeric fluid, where atoms is connected to form linear chains with Np =10 atoms,
was considered. Along with the Lennard-Jones potential, FENE (finitely extensible
nonlinear elastic) potential was used to describe the interactions between the nearest
neighboring atoms in the linear polymer chain. The FENE potential is given by:
𝑘

𝑉𝐹𝐸𝑁𝐸 (r) = - 𝑟𝑜2 ln[1 − 𝑟 2 ⁄𝑟𝑜2 ],
2

(4)

with the parameters k and r are set to k = 30 ε𝜎 −2 and ro = 1.5 σ [33]. With the combined
effect of the Lennard-Jones and the FENE potential parameterization, an effective
harmonic potential is obtained, which allows the vibration of the nearest neighbor, yet does
not allow the polymer chains to cross over each other [33]. A constant temperature of
T = 1.0 𝜀 ⁄𝑘𝐵 (kB denotes the Boltzmann constant) was used for the molecular dynamics
simulations, which was regulated via the Nose-Hoover thermostat applied on the liquid
phase along the 𝑦̂ direction, which is perpendicular to the droplet direction of motion. The
dependence of the surface tension of a flat liquid/vapor interface as a function of the chain
length was reported at this temperature [34].
Our computational domain consists of a composite substrate where the polymer
droplet is originally placed. As shown in Fig. 1, the composite substrate consists of an array
of ten solid spherical particles that are rigidly attached to a stationary solid plane. The
stationary solid plane consists of 22,000 atoms that are arranged on a square lattice within
the xy plane, of which the lateral dimension of this stationary solid plane is 440σ x 50σ.
Furthermore, the areal density of the atoms on the stationary solid plane is 1.0 𝜎 −2 . The
atoms present in the stationary solid plane are rigidly fixed to the lattice site and they do
not interact with each other. Next, there are ten solid spheres arranged in an array over the
7

solid plane. We used spherical particles to achieve re-entrant curvature, capturing air
pockets and leading to an increased air−liquid interface fraction [44]. Each of these
spherical particles are composed of 4000 atoms that are uniformly dispersed on the surface
of the sphere, whose radius is set to R = 17.8σ. When constructing the molecular dynamics
simulations, we aimed for comparable densities between the liquid and the spherical
particle and therefore we chose the areal density of atoms on the surface of the spherical
particle to be 1.0 σ−2 . These values for the spherical particle was used in order to best fit
all the spheres into our computational domain. In our system, the atoms on the surface of
the spherical particles do not interact with each other, but the interaction between the liquid
monomers and the particle atoms are controlled by the parameter εsp, which is measured in
the units ε. The solid particle in our case is imitating the values of Argon (σsp = 0.3428nm
and εsp = 0.043 eV) [46].
The initial step involves a thermal equilibration of the polymeric liquid starting
from the crystal phase. The periodic boundary condition restrictions were enforced along
the 𝑥̂ and 𝑦̂ directions, but the setup was let open in the 𝑧̂ direction, which is perpendicular
to the stationary solid plane. After the original equilibration, the liquid droplet was
moderately displaced on the composite substrate and then is further allowed to equilibrate
in a partially wetting state at a given value of εsp. A constant force, fx, was applied on each
monomer of the droplet along the 𝑥̂ direction. It is also important to note that since the
droplet size is small (smaller than the capillary length of water i.e., 2.7mm), the effect of
gravity is neglected [47].
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Fig. 1. A snapshot of the liquid polymer droplet contains 88000 polymer chains (each
chain has 10 monomers) when the droplet resides on the particle surface. Atoms are not
presented to scale. Between particle atoms and liquid monomers, the interaction energy is

εsp = 0.6ε. The external force applied on each monomer is fx = 0.00004ε⁄σ.
9

CHAPTER 3
RESULTS
3.1 Results of molecular dynamics simulations:
It is quite widely known that factors such as the surface tension at liquid-vapor
interface, the areal density of surface texture, the surface energy and the shape of the
surface texture etc., influence the wetting properties of the structured interface [35]. In our
study, the liquid droplet is constricted into a narrow slab with periodic boundary conditions
enforced in the 𝑥̂ and 𝑦̂ directions in order to achieve a larger liquid droplet size. This
liquid droplet consists of short and malleable polymer chains which help improve the
surface tension, which in turn, aids in the reduction of evaporation from the liquid interface.
We introduce the surface roughness via an array of ten spherical particles that are arranged
in an orderly fashion over the stationary solid substrate. As discussed in the previous
chapter, the areal density of the solid spherical particles and the stationary solid plane is
set to 1.0𝜎 −2 .
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3.1.1 Droplet shape for various surface energies:
Below, in Fig. 2, we see the liquid droplet partially wetting the solid spheres at
selected values of interaction energies between the liquid monomer and the solid particle
atoms. It can be observed that at a lower interaction energy between the liquid monomer
and the atoms of the solid particle, i.e., at εsp = 0.2ε (Fig. 2 (a)), the droplet is almost
circular. As the interaction energy increases, i.e., for εsp = 0.3ε (Fig. 2 (b)) and εsp = 0.4ε
(Fig. 2 (c)), we start to see that the droplet starts to change shape. In the latter case, i.e.,

εsp = 0.6ε (Fig. 2 (d)), we see that the droplet is nearly semi-circular. As such, the linear
size of the liquid droplet is about 180σ along the 𝑥̂ direction. Considering the value of

σ = 0.5 nm, the average size of the liquid droplet becomes 90nm, and the radius of the solid
sphere is approximately 9 nm.
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Fig. 2. For surface energies (a) εsp = 0.2ε, (b) εsp = 0.3ε, (c) εsp = 0.4ε, and (d) εsp = 0.6ε, the
side view of the polymer droplet in contact with the solid particles.
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3.1.2 Apparent contact angle as a function of surface energy:
In Fig. 3, we can see the dependence of the apparent contact angle as a function of
the interaction energy between the liquid droplet monomer and the atoms of the spherical
particles in the absence of any external force. It can be seen from the graph that as the
interaction energy increases, the apparent contact angle decreases monotonically. It must
be noted that the liquid droplet remains in a partially wetting state for εsp <= 0.8ε. These
particular results were obtained for a determined areal fraction given by:
Φs = 10𝜋𝑅 2 ⁄𝐴,

(5)

in which Φs is approximately equal to 0.48, where the area of the solid plane is given as
A = 440σ x 50σ, and the radius of the spherical particle is R = 18.3σ, with the excluded
volume of atom of size σ. Recently it was demonstrated that the critical pressure, below
which the polymer film remains suspended on an array of spherical particles with a similar
areal fraction can be estimated through the numerical minimization of interfacial energy
and molecular dynamics simulations. It must also be noted that the local contact angle of
a polymer droplet residing on a flat solid plane with areal density of 1.0𝜎 −2 was evaluated
as a function of surface energy [20].
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Fig. 3. Between liquid monomers and sphere atoms, the apparent contact angle for the
droplet suspended on the solid particles as a function of interaction energy. Same data are
plotted again in the inset as cos 𝜃(εsp).
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3.1.3 Fitting procedure for droplet and apparent contact angle:
The figure below (Fig. 4) illustrates the fitting procedure to obtain the droplet
profile to determine the apparent contact angle. Due to the thermal fluctuations that result
in a finite width of the interface, there is certain difficulty in computing the position of the
liquid interface from the instantaneous configuration of monomers. Hence, the
computational domain used was divided and split into thin slices of thickness 1σ along the
𝑥̂ (parallel to the solid plane) and 𝑧̂ (perpendicular to the solid plane) directions. Once the
slice was obtained, the local density of the liquid monomer in each block was determined.
The interface of the liquid droplet was estimated at half the density of the liquid monomer
at the center of the liquid droplet. Fig. 4, shows an example of the droplet interface profile
in which the small orange circles represent the droplet interface.
At an atomic scale, the definition of apparent contact angle is vague. Due to this, in
our study we chose a plane at a distance 2R from the solid plane in order to calculate the
apparent contact angle. This reference plane is represented as the black line in Fig. 4. A
fourth order polynomial fit was used to fit a curve over the front and back of the droplet
profile. The blue curve on the front and back of the droplet represents the fourth order
polynomial curve. At the intersection of the reference plane (black line in Fig. 4) and the
fourth order polynomial curve (blue curve), we chose the first ten data points of the droplet
and calculated the tangent. The red line at the intersection of the reference plane and the
fourth order polynomial represents the tangent (Fig. 4). The accuracy of this method of
computing the apparent contact angle was examined by a trial-and-error method over
different droplet shapes during its motion over the solid spherical particle. The front of the
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droplet was defined as the advancing contact angle (θa) and the back of the droplet was
defined as the receding contact angle (θr) with respect to the direction of the applied
external force.

16

Fig. 4. An example where orange circles represents droplet interface, when computed with
the help of spatial variation of the local density profiles for εsp = 0.6ε and fx,= 0. The
horizontal black line represents the reference for the tips of the spherical particles. The blue
curves point out the 4-th order polynomial fit, and the red lines indicate the local tangents
to the polymer interface used for the computation of the apparent contact angles.

17

3.1.4 Droplet Center of Mass (COM) for various values of
external force:
We next discuss the effects of external force applied to the liquid droplet. The
droplet displacement can be studied in Fig. 5 under the application of external force on
each monomer. Fig. 5 shows the time dependence of the center of mass of the droplet at
specific values of external force. In all cases, initially the droplet is at equilibrium with the
structured interface. Then suddenly an external force, fx, is applied to each monomer of the
droplet at time t = 0. From Fig. 5, we can see that at smaller values of external force, say
fx ≤ 0.00002ε⁄σ , the droplet is initially displaced to the nearest neighboring spherical
particle where it remains pinned over the time interval 50 000τ. This can be noticed in
Fig. 5 (yellow and blue curve) where the slight nudge in the curve represents the rapid
displacement of the droplet from one spherical particle to another, and the approximately
linear line represents the pinning of the droplet on the spherical particle.
At greater external force, i.e., fx = 0.00003ε⁄σ, we can see that the liquid droplet
becomes temporarily pinned to the spherical particle, followed by a rapid displacement of
the liquid droplet over the array of spherical particles. This is represented by the red curve
in Fig. 5. We can observe from Fig. 5, that as the value of external force increases, the
fluctuations in the curve minimize. This can be noticed in the curve for fx ≥ 0.00004ε⁄σ.
In case of fx = 0.00004ε⁄σ and fx = 0.00005ε⁄σ, we see that the droplet is displaced in a
linear fashion with minute fluctuations (green and purple curves in Fig. 5 respectively).
Finally, when the external force fx = 0.00006ε⁄σ, we see that the liquid droplet is displaced
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linearly on the distance about six times its size during the time interval 50 000 τ. This is
seen as the black curve in Fig. 5.
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Fig. 5. For the marked values of the external force, fx, (in units 𝜀 ⁄𝜎), the time dependence
of the droplet center of mass. The interaction energy between the liquid monomers and
sphere atoms is εsp = 0.6ε.
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3.1.5 Variation of the Advancing and the receding contact angles
and the velocity of Center of Mass (COM):
We can better understand the nature and the dynamics of the liquid droplet by
examining the time dependence of the advancing and receding contact angles. Fig. 6-8
reveal the variations of the advancing and receding contact angles as well as the velocity
of center of mass.
In case fx = 0.00003ε⁄σ , i.e. Fig. 6, we can see that the liquid droplet consists of
alternating periods of rapid displacement and temporary pinning at the surface of the sphere.
It can be seen from Fig. 6 that as the advancing contact angle decreases (represented as the
blue curve), the receding contact angle increases (represented by the red curve). In general,
we can notice that the maximum value of the center of mass velocity corresponds to the
abrupt change in the contact angle. As such, we observe that at the maximum value of
velocity of the center of mass, i.e., when the liquid droplet displaces from one spherical
particle to the neighboring one, we see that the advancing contact angle reduces, while the
receding contact angle increases (Fig. 6). Also, one can notice from Fig. 6 that the value of
velocity of center of mass goes below zero in successive displacement, which indicates a
slight oscillatory motion due to the surface tension forces. Furthermore, we can note that
the contact angle hysteresis (θa – θr) varies from approximately 45 degrees during periods
of pinning to almost 0 degrees during the rapid displacement motion of the liquid droplet
(Fig. 6).
Fig. 7 shows the contact angle and the velocity of center of mass for a greater value
of external force (fx = 0.00004ε⁄σ). It can be seen in Fig. 7, that after the initial bump, the
21

liquid droplet is steadily accelerated by an average velocity of vx = 0.014σ/τ along the
array of spherical particles. The variations in the amplitude of advancing and receding
contact angles are reduced. Consequently, the advancing contact angle remains greater than
receding contact angle most of the time. It is important to note that the maximum value of
contact angle hysteresis is similar to the case, fx = 0.00003ε⁄σ, i.e., θa – θr ≈ 45o.

Fig. 8 shows the velocity of center of mass and contact angle variation for external
force fx = 0.00006ε⁄σ. We can see that as the external force increases, the average value
of velocity of center of mass increases. For fx = 0.00004ε⁄σ, the average velocity of center
of mass is vx = 0.023σ/τ. It can also be noted that the oscillation amplitude in θa (blue
curve) and vx (black curve) have been reduced, which is comparable to fx = 0.00003ε⁄σ
(Fig. 6) and fx = 0.00004ε⁄σ (Fig. 7). However, the oscillating amplitude of receding
contact remains significantly larger when compared to the cases in fx = 0.00003ε⁄σ and
fx = 0.00004ε⁄σ . Generally, it can be noted that the maximum value of contact angle
hysteresis remains unaffected by the applied external force value.
In prior molecular dynamics studies, the viscosity η = 11.1m/τσ and surface tension

γ = 0.85ε /σ2 were computed for a thin polymer film of bead-spring chain at zero pressure
and T = 1.0𝜀 ⁄𝑘𝐵 [34]. In order to estimate the Capillary number Ca = ηvx/γ ≈ 0.3, we use
the above-mentioned values, which shows that the droplet motion is dominated by the
surface tension at every value of the external force that is considered in this research.
Note: The most common value of the Weber number is given by 𝑊𝑒 = ρ𝑣𝑥2 𝑙 ⁄γ ≈ 0.1,
where l ≈ 180 σ which is the droplet size and vx = 0.023σ/τ.
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Fig. 6. When fx = 0.00003ε⁄σ (the upper panel), the velocity of center of mass (in units
𝜎⁄𝜏) as a function of time. The horizontal dashed line represents vx = 0. In the lower panel,
blue curve indicates the advancing contact angle and the red curve represents the receding
contact angle during 50000τ. Surface energy is εsp = 0.6ε.
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Fig. 7. When fx = 0.00004ε⁄σ (the upper panel), the velocity of center of mass (in units
𝜎⁄𝜏) as a function of time. The horizontal dashed line represents the average velocity vx =
0.014𝜎⁄𝜏. The interaction energy between the liquid monomers and the sphere atoms is

εsp = 0.6ε. In the lower panel, blue curve indicates the advancing contact angle and the red
curve represents the receding contact angle during 50000τ.
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Fig. 8. The upper panel shows the velocity of center of mass (in units 𝜎⁄𝜏) as a function
of time when fx = 0.00006 ε⁄σ . The dashed line indicates the average velocity

vx = 0.023𝜎⁄𝜏. Surface energy is εsp = 0.6ε. In the lower panel, blue curve indicates the
advancing contact angle, and the red curve represents the receding contact angle as a
function of time.
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3.1.6 Attaching and Detaching process of a droplet:
Fig. 9 - 10 shows the attachment and detachment process of the droplet on the
spherical particle surface. At selected time intervals, the snapshot of the liquid droplet was
taken when an external force of fx = 0.00003ε⁄σ was applied on each monomer of the
droplet at time t = 0. The red curve in Fig. 5, shows the displacement for fx = 0.00003ε⁄σ .
From Fig. 9, we see how the droplet attaches onto a spherical particle. Also, from
Fig. 9 (b -g) we can see that the droplet remains suspended over the seventh sphere for a
long period of time (Δt = 1100 τ). From Fig. 6, we can see that the advancing contact angle
is the greatest (θa ≈ 140o) when t = 9000τ.
Fig. 10 shows the detachment process of the liquid droplet from one sphere to
another. In Fig. 10 (a-g) we can see time evolution of how the droplet is pinned to the third
sphere. Observing Fig. 10 (e-g), we can see a narrow neck being formed on the spherical
particle surface, which is followed by rapid detachment of the polymer droplet from the
spherical particle surface and the movement of the droplet over the substrate.
One thing that could be suggested from these results is that the pinning time of the
droplet is determined by the shape of the textured surface, and hence the polymer droplet
motion can be controlled by introducing a shape anisotropy of the surface-attached
particles.
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Fig. 9. A flow of snapshots explains the advancement of the droplet front interface on the
spherical particles. Surface energy is εsp = 0.6ε, and the external force is fx = 0.00003ε⁄σ.
Time is measured after the external force is applies at t = 0.

27

Fig. 10. The procedure of the detachment of the receding contact line from the nanoparticle
surface for the shown time intervals after the external force fx = 0.00003ε⁄σ is applied on
each monomer.
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3.1.7 Fluid monomers in contact with surface atom of a spherical
particle:
Fig. 11 shows the attachment and detachment process of the droplet while in contact
with the spherical particle surface. This can be achieved by computing the number of fluid
monomers in contact with the surface atoms. To be precise, at any given time we identify
the number of fluid monomers that are located within a distance of 1.5σ from the surface
of the spherical particle. Fig. 11 shows the results for εsp = 0.6ε and fx = 0.00003ε⁄σ . As
seen in Fig. 11, the number of monomers in contact with the spherical particle first
increases at a rapid pace and then saturates to a quasi-plateau, followed by a slow decay.
The sharp increases in the curve represent the increase in number of monomers in contact
with the spherical particle as the droplet moves from one sphere to another (See red curve
in Fig. 5 and see Fig. 9). The plateau represents half of the surface area in contact with the
liquid droplet during the sliding motion along the substrate. The slow decay represents the
detachment process that includes the narrowing neck which temporarily pins the whole
droplet (see Fig. 10).
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Fig. 11. During the time interval, under the external force fx = 0.00003ε⁄σ, the number of
liquid monomers in contact with the surface of the nanoparticle during droplet motion.
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CHAPTER 4
CONCLUSION
In conclusion, large-scale molecular dynamics simulations were used to explore the
dynamics of a polymer droplet driven across a nanostructured interface that constituted an
array of spherical particles. At mechanical equilibrium, the areal density of nanoparticles
was modified, as well as the interaction energy between solid atoms and liquid monomers,
to generate a partially wetting droplet with an apparent contact angle greater than 90o. It
was shown that when the external force is sufficiently small, the polymer droplet remains
pinned at the surface of the nanoparticles. When the droplet exceeds the threshold force, it
travels sporadically along the substrate via sequential rapid displacements and periods of
pinning. The process of attachment and detachment on the particle surface results in
considerable droplet form distortion, which may be measured using advancing and
receding contact angles. As the external force increases, the variation in the advancing
contact angle reduces, but the oscillation amplitude of the maximum contact angle and
receding contact angle remains nearly unaffected.
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